Abstract-Studies aimed towards the total synthesis of the diterpene antibiotic, guanacastepene A, of current interest and displaying promising biological activity against drug resistant pathogens has led to the generation of some novel tricyclic skeleta replete with extensive functionalization and representing interesting variations of the guanacastepane framework.
Guanacastepene A 1, a diterpene with a novel carbon skeleton (guanacastepane), was isolated from an unidentified endophytic fungus growing on the tree Daphnopsis americana by Clardy et al. 1a in 2000 and its structure was determined by X-ray crystallography. More recently, several additional guanacastepenes B O have been isolated from the same fungus and structurally characterized.
1b Guanacastepene A 1 has been shown to exhibit impressive activity against methicillin-resistant Staphylococcus aureus and vancomycin resistant Enterococcus faecium. Additional, biological studies on 1 have unravelled moderate activity against Gram-positive bacteria, poor activity against Gramnegative bacteria and haemolytic activity against human RBC.
1c While these latter attributes undermine the therapeutical potential of 1, its promising profile against MRSA and VREF has stimulated an intensive world-wide search for synthetic and naturally occurring analogues.
The 5,7,6-ring fused tricarbocyclic framework of 1, with attendant network of functionalities and stereochemical subtleties, makes it a formidable synthetic target. Thus, on account of its biological potential and synthetic challenge, nearly a dozen research groups have been enticed into the fray 2-4 in the quest for guanacastepene A 1. While Danishefsky et al. 4 have been the first to reach the milestone and achieved a total synthesis of 1 in 2002, others have unfolded strategies leading to the acquisition of bicyclic and tricyclic core structures of 1.
2-4 We too have entered this arena and reported model studies 3a leading to the bicyclic hydroazulenic core of guanacastepene A and further extended 3b these studies to acquire its fully functionalized and stereochemically secured AB and BC ring segments, 2 and 3, respectively. Our synthetic approach towards 1, from the beginning, was aimed at imparting substantial structural, functional and stereochemical latitude to enable access to diverse analogues of the natural product in view of its biological potential. Herein, we report our further synthetic explorations in the area that have resulted in the acquisition of tricyclic iso-guanacastepane, epi-guanacastepane and guanacastepane derivatives, representing novel skeletal and functional group analogues and variants of 1. cis-diol in 8 and allylic oxidation 6 furnished 9 5 in which we had a versatile precursor that had in place the key oxy-functionalization in the A-ring and the olefinic bond in the B-ring as required in the natural product 1. Therefore the main task ahead was the annulation of the six-membered C-ring and for this purpose several strategies (vide infra) were explored.
Repeated efforts to alkylate 9 at the desired C-8 position with tris-isopropylsilyl protected 5-iodo-1-pentyne or other alkylating agents to set-up the planned six-ring annulation 3b proved abortive. While this effort was in progress others also reported similar observations.
2,4
Recourse was then taken to the reduced product 10 of 9, which could be alkylated regioselectively with trisisopropylsilyl protected 5-iodo-1-pentyne to furnish 11 5 via C-2 alkylation rather than at the required C-8 position (Scheme 1). Silyl deprotection of 11 and sodium naphthalenide mediated intramolecular alkyneketone cyclization 3b proceeded with excellent stereoselectivity and in high yield to furnish 12 (Scheme 1). A single crystal X-ray structure determination 7 of 12 confirmed the site of alkylation in 10 and consequent acquisition of the new 5,7,6-fused tricyclic (iso-guanacastepane) skeleton (Fig. 1) .
Attention was now turned to address the crucial issue of alkylation of the enone 9 at the C-8 position. It was observed that 9 could be a-carboethoxylated at the C-8 position employing Mander's reagent 8 to yield 13, which could be further allylated stereoselectively (vide infra) and in good yield to 14 (Scheme 2). Addition of Our first foray was targeted towards the construction of the tricyclic guanacastepane skeleton by annulation of a six-membered ring onto a hydroazulenic precursor following the earlier 3b model study that led to the realization of 3. However, the implementation of the projected reaction sequence resulted in a regiochemical deviation and led to the novel isoguanacastepane skeleton. Hydroazulenic enone 5, readily available through a short sequence 3a from tricyclic enone 4 was elaborated to 6 through selective catalytic hydrogenation of the isolated double bond and stereoselective enone reduction (Scheme 1). This stereoselective reduction is somewhat anomalous with hydride addition exclusively from the same face as the b-isopropyl and b-methyl groups and is in accordance with earlier observations in similar systems. 3a,4 Stereoselective epoxidation of 6 led to 7 and TMSOTf mediated epoxide opening furnished the cisenediol 8 (Scheme 1).
5 Acetonide protection of the the Grignard reagent prepared from 3-chloro-1-butene to 14 in the presence of cerium(III) chloride 9 proceeded stereoselectively to furnish 15 5 and set the stage for the contemplated RCM protocol for the construction of the six-membered C-ring of guanacastepene (Scheme 2). Indeed, exposure of 15 to Grubbs' catalyst resulted in smooth conversion to the tricyclic compound 16 in high yield (Scheme 2).
5 Reduction of 16 with DIBAL-H resulted not only in the reduction of the ester functionality to a primary alcohol but quite unexpectedly also reductively cleaved the acetonide moiety to yield 17 (Scheme 2). An X-ray crystal structure determination 7 of 17 firmly established its stereochemistry and indicated that it was epimeric at C-8 with respect to the natural guanacastepanes and that the allylation of 13 had preferentially occurred from the less hindered aface. However, in a short sequence it was possible to transform the bicyclic ketone 9 into the C 20 -skeleton corresponding to epi-guanacastepane with a rich complement of functionalities in all the three rings (Fig. 2) . access to new tricyclic structural variants (iso-guanacastepane and epi-guanacastepane) of the biologically promising guanacastepene A 1. Chem., Int. Ed. 2002 , 41, 2185 13 C NMR (75 MHz, CDCl 3 ): l 158. 6, 109.5, 107.0, 82.2, 82.1, 60.7, 51.8, 46.7, 43.4, 42.9, 39.3, 29.5, 28.8, 26.4, 26.2, 26.0, 25.4, 24.3, 23.5, 21.2, 19 The epimeric nature of 17 at C-8 indicated that the way to generate the correct stereochemistry present in the natural guanacastepanes was to harness the carboethoxy group in 13 in the C-ring forming protocols. Towards this end 13 was methylated to furnish 18 and correctly install the C-8 quaternary centre with the methyl group in the a-orientation and trans with respect to the pre-existing C-11 angular methyl group (Scheme 3). Addition of the Grignard reagent derived from 3-chloro-1-butene to 18 in the presence of cerium(III) chloride was chemoselective and furnished 19.
5
The ester group in 19 was now elaborated via LAH reduction and n-tetrapropylammonium per-ruthenate (TPAP) oxidation to aldehyde 20, 5 in preparation for its integration into the proposed six-membered ring. For this purpose, an intramolecular Prins-type cyclization in 20 with several Lewis acids was explored but without much success. We therefore turned to a recent report where Sc(OTf) 3 had been found to be effective in inducing aldehyde-ene cyclization. 10 Consequently, 20 was exposed to Sc(OTf) 3 and the reaction took an interesting course. We found that 22, a seco-guanacastepane derivative, was formed first via the fragmentation of the initially generated aldehyde-ene cyclization intermediate 21. Continued exposure of 22 to the reaction milieu resulted in further intramolecular cyclization to the interesting bridged ether 23, 5 whose stereostructure was secured through detailed 2D NMR (COSY, NOE) studies (Scheme 3). As a consequence of this unanticipated albeit interesting deviation, we had to alter our strategy. Wacker oxidation of the terminal olefinic bond in 20 led to the hydrate 24, an appropriate candidate for effecting aldol cyclization to generate the C-ring of guanacastepanes. In the event, stirring 24 with sodium ethoxide in ethanol led to the desired cyclization and concomitant dehydration to yield an extremely interesting cross conjugated trienone 25 5 with the complete guanacastepane framework and a high level of functionalization (Scheme 3). It is to be noted that the cross-conjugated trienone functionality present in 25 is quite unique and may impart some useful biological attributes to this molecule.
In summary, we have achieved a synthesis of the 5,7,6-fused tricyclic framework of guanacastepane diterpenes, replete with requisite stereochemical features and extensive functionalization, from a hydroazulenic precursor with the focus on the exploration of different six-ring annulation strategies. Our efforts have also provided
